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Abstract 
Ever-increasing swine wastewater (SW) has become a serious environmental concern. High 
levels of nutrients and toxic contaminants in SW significantly impact on the ecosystem and 
public health.  On the other hand, swine wastewater is considered as valuable water and 
nutrient source for microalgae cultivation. The potential for converting the nutrients from SW 
into valuable biomass and then generating bioenergy from it has drawn increasing attention. 
For this reason, this review comprehensively discussed the biomass production, SW 
treatment efficiencies, and bioenergy generation potentials through cultivating microalgae in 
SW. Microalgae species grow well in SW with large amounts of biomass being produced, 
despite the impact of various parameters (e.g., nutrients and toxicants levels, cultivation 
conditions, and bacteria in SW). Pollutants in SW can effectively be removed by harvesting 
microalgae from SW, and the harvested microalgae biomass elicits high potential for 
conversion to valuable bioenergy. 
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1. Introduction  
Pork is the most widely consumed meat in the world according to the report named 




demand has prompted the development of concentrated swine feeding operations, resulting in 
large quantities of SW production. SW contains not only high levels of suspended solids, 
organic matters, nutrients, but also toxicants, for example heavy metals, antibiotics and 
hormones (Cheng et al., 2018b). Concentrations of the above mentioned pollutants in SW are 
shown in Fig. 1 (Cheng et al., 2018a; Franchino et al., 2016; Markou et al., 2018; Pan et al., 
2011). Therefore, direct discharge or insufficient treatment of SW can cause serious 
environmental pollution and risks to human health, particularly water eutrophication, soil 
pollution, antibiotic-resistant genes/ bacteria and estrogenic activity risks (Amini et al., 2016; 
Cheng et al., 2018b). 
Anaerobic digestion is the most widely used technology for treating SW because this 
helps convert organic matter from SW into biogas, yet the removal of nutrients is curtailed 
(Cheng et al., 2018b). Global energy demands are growing with the increase of the 
population of world and the number of power-driven devices (Danquah et al., 2018). The 
escalating use of fossil fuels has serious implications for the finite supply of fossil fuels, but 
still contributing to rising greenhouse gas emissions (Abou-Shanab et al., 2013; Pittman et 
al., 2011).  
For this reason, the development of renewable and sustainable alternatives is urgent, so 
that further aggravation of the energy crisis and global climate change can be avoided (Zhu et 
al., 2013b). Biofuels derived from biomass have been identified as alternatives to fossil fuels 
for alleviating world energy demands and reducing greenhouse emissions (Amin, 2009). 
However, the large-scale generation of biomass is to some extent restricted, because their 
continuous growth process requires large quantities of water and nutrients like nitrogen and 
phosphorus (Poorter & Nagel, 2000). The addition of fresh water and commercial fertilizers 
to meet economic growth requirements can significantly increase the production costs, which 




the nutrient-rich SW is an excellent source for generating biofuel (Abou-Shanab et al., 2013; 
Salama et al., 2017).  
Recently, the conversion of nutrients from SW into valuable plant biomass has attracted 
much attention. Not only can it treat wastewater in a simple, inexpensive and energy-efficient 
manner, it can also recycle the nutrients by producing bioenergy and biochemicals from post-
harvest biomass (Kumar et al., 2018; Liu et al., 2018a; Luo et al., 2018; Pittman et al., 2011). 
Compared to traditional biofuel crops, microalgae species were estimated as having high 
rates of biomass productivity and lipid contents, and they can grow well in concentrated 
wastewater and double in number within hours under optimal conditions (Mata et al., 2010). 
As reviewed by Pittman et al. (2011), microalgae can produce between 10- and 100-fold 
more oil per acre than terrestrial plants. Depending on different microalgae species, 
environmental conditions and cultivation methods, the harvested microalgae biomass can be 
used as feedstock for various bio-commodities production such as biodiesel, biogas, 
biohydrogen and other biofuels (Kumar et al., 2018; Markou et al., 2012; Rodolfi et al., 2009; 
Wang et al., 2017).  
Therefore, this review aims to discuss on: (i) biomass production from SW and major 
impact factors; (ii) the ability of different microalgae species to remove pollutants; and (iii) 
bioenergy production potential by harvesting microalgae derived from SW. The recovery of 
nutrients and valuable materials from SW can reduce the cost of wastewater treatment and 
biomass production, while its bioenergy production can also mitigate our dependence on 
fossil fuels.  
2. Microalgae cultivation in swine wastewater  
The cultivation of microalgae with SW has been studied in-depth recently, with a focus 
on the production of biomass and its impact factors during the growth process (Prandini et al., 




cultivation, high concentrations of pollutants in SW (see Fig. 1) might adversely affect the 
microalgae growth rate and biomass production. Generally, microalgae growth could be 
affected by initial nutrition levels, cultivation conditions (e.g., light intensity, temperature, pH 
and cultivation modes), heavy metals, antibiotics, hormones and bacteria in SW (Li et al., 
2016; Miazek et al., 2015; Schnurr & Allen, 2015; Zhang et al., 2012).  
2.1 Microalgae growth and biomass production  
The selection of robust strains that can consistently grow in SW is important for better 
production of bioenergy and SW purification (Ji et al., 2013a). The chosen microalgae should 
have high tolerance to the pollutants in SW, high growth rate, high recovery rate of nutrients, 
and robust growth properties with improved tolerance for varied environmental conditions 
(Salama et al., 2017). Several microalgae species (for instance, Chlorella sp., Scenedesmus 
sp., Neochloris sp., Chlorellaceae sp. and Coelastrella sp.) have been studied for SW 
treatment coupled with biomass production under various cultivation conditions (see Table 
1).  
Species in the genera Chlorella and Scenedesmus are the most employed microalgae 
cultivated in SW due to their high environmental tolerance, high biomass and lipid 
accumulation potential, Chlorella vulgaris and Scenedesmus obliquus in particular (Wang et 
al., 2016b). The maximum biomass concentration of Chlorella vulgaris (4.25 g/L) is higher 
than Scenedesmus obliquus (2.3 g/L) when they are cultivated in SW. As stated in Table 1, 
the microalgae biomass production and growth rate highly depend on microalgae species, 
cultivation conditions and SW compositions. The biomass concentrations of Chlorella 
vulgaris and Scenedesmus obliquus have a wide range in response to different culture 
conditions, with 0.2–4.25 g/L and 0.24–2.3 g/L, respectively. Biomass productivity and 
specific growth rate are important parameters for assessing the microalgae growth scenario 




d-1, respectively. SW has been regarded as suitable media for the growth of microalgae 
species for biomass production, despite the fact that comparing cultivation in different types 
of wastewater is not straight forward. This is due to the wide range of cultivation conditions 
applied (like cultivation mode, working volume, light intensity and temperature) that can 
affect biomass production (Kuo et al., 2015). Nevertheless, Ferreira et al. (2018) observed the 
maximum biomass production in SW by comparing the microalgae growth in different 
sources of wastewater (swine, poultry, cattle breeding, brewery, dairy, industrial and 
municipal wastewater) under the same operating conditions.  
2.2 Impact factors for microalgae growth and biomass production 
To enhance the economic feasibility of microalgae biofuel production, efficient growth 
and high biomass production of microalgae are required (Mata et al., 2010). The efficient 
growth of microalgae in SW depends significantly on cultivation conditions, nutrient and 
toxicant concentrations in SW (Amini et al., 2016). It can be seen from Table 1 that there is a 
wide range of growth and biomass production under different conditions, even the same 
species, which indicated that the culture medium and conditions are significant impact 
factors. 
2.2.1 Impact of nutrients in swine wastewater 
From Table 1, it should be noted that most microalgae species used in previous studies 
are cultivated in pretreated and/or diluted SW with either synthetic media or distilled water 
(Marjakangas et al., 2015). This is mainly attributed to: firstly, the high salinity as measured 
by ion conductivity in undiluted SW may induce osmotic stress and oxidative stress in the 
algal cells to inhibit their growth (Deng et al., 2018); secondly, suspended matter or 
impurities in the SW could compromise the water’s clarity and interfere with light 
penetration (Wang et al., 2012); thirdly, the concentrated organic/inorganic compositions 




adverse effect on the growth of microalgae species resulting in a very low biomass 
production (Franchino et al., 2016).  
The microalgae biomass production and growth rate are affected by the SW dilution 
rate, because they strongly depend on the nutrients concentration of growth media. As 
summarized in Table 1, based on the initial nutrients concentration in SW, having a suitable 
dilution rate is important for biomass production and growth rate of microalgae. To be 
specific, microalgae growth could be inhibited if extremely high levels of nutrient are 
present in SW, so that more dilution is required. Conversely, greater dilution of SW can 
result in restricting the microalgae growth due to nutrient deficiencies. For example, 
Chlorella vulgaris grew better in the cultivation media with 5% of wastewater (initial 
nutrient concentrations: TN=3355, NH4-N=2050 and TP=318.5 mg/L), and had higher 
biomass concentration (1.47 g/L) and productivity (229 mg/L) when compared to 
cultivation in media with 10% of SW; no growth was observed in the media with 20% and 
40% SW (Franchino et al., 2016).  Similar results have been reported by Ji et al. (2013b) 
and Ji et al. (2013a), who investigated the growth of Chlorella vulgaris YSW-04 and 
Scenedesmus obliquus YSW-14 in various diluted amounts of SW. They concluded that 
both the biomass concentration and specific growth rate of microalgae were the poorest in 
undiluted SW. The main reason for this could be that high concentrations of ammonium in 
undiluted SW inhibited the growth of microalgae (Park et al., 2010).  
On the other hand, for the SW with relatively low concentrations of nitrogen and 
phosphorus, the microalgae growth and biomass production might decline with increasing 
dilution of SW. Research conducted by Marjakangas et al. (2015), Wang et al. (2016a) and 
Wang et al. (2017) all concluded that the highest values of biomass production and 
microalgae growth were obtained in undiluted SW with the initial concentrations of 




may be a limiting factor for microalgae biomass production (Ji et al., 2013a). Thus, 
increasing phosphate concentration could improve the biomass production by avoiding 
phosphate limitation (Wang et al., 2017). This outcome has been confirmed by Kuo et al. 
(2015), who observed that the maximum microalgae biomass production and specific 
growth rate were achieved in undiluted SW (550 mg/L TN, 490 mg/L NH4-N and 20 mg/L 
P) due to the deficiency of phosphorus. Hence, the appropriate dilution ratio of SW is 
essential to achieve the best cultivating conditions for microalgae biomass production. 
2.2.2 Impact of cultivation conditions  
In addition to nutrient levels in SW, the microalgae growth and biomass production 
depend significantly on cultivation conditions. Impact factors like pH, temperature, growth 
modes, and the availability of light have been comprehensively reviewed elsewhere (Chew et 
al., 2018; Daliry et al., 2017; Singh & Singh, 2015; Verma & Srivastava, 2018). As reported 
in one study, each microalgae species has its own optimum range of pH, temperature and 
light intensity at which it can function properly (Qiu et al., 2017). Hodaifa et al. (2009) and 
Daliry et al. (2017) discovered that pH in the 6–10 range was the optimum value for the 
growth of Chlorella vulgaris, Chlorella sorokiniana and Scenedesmus obliquus. Because of 
the high level of NH4-N in SW, high pH could induce stripping of ammonia-nitrogen and 
result in high NH3 concentration, which can inhibit the growth of microalgae (Marjakangas et 
al., 2015). For the growing microalgae species in SW (as summarized in Table 1), the applied 
temperature and light intensity are in the 20 – 27 °C and 45 – 300 μmol/m2/s ranges, 
respectively.  
This is in consistent with Singh and Singh’s (2015) findings, who concluded that the 
optimum temperature and light irradiance for the growth of different microalgae species 
ranged from 20 – 30 °C and 33 – 400 μmol/m2/s. In another study, Wang et al. (2017) 




(15 °C, 25 °C, 37 °C and 40 °C). The maximum biomass concentration (3.7 g/L) and 
maximum carbohydrate content (33.2%) were obtained at 25 °C. Therefore, relatively lower 
and/or higher temperature both demonstrate negative effects on biomass production. One 
possible explanation is that low temperature could reduce the metabolic rates of microalgae, 
while high temperatures may trigger oxidative stress (Ali et al., 2005). A positive correlation 
between biomass production/carbon dioxide fixation and duration hours of the light has been 
noted by Jacob-Lopes et al. (2009). However, continuously increasing light intensity can 
damage light receptors after reaching the light saturation point, resulting in photoinhibition 
(Molinuevo-Salces et al., 2016). Wahidin et al. (2013) in their research obtained maximum 
cell growth at 100 mol/m2/s and 18 h light: 6 h dark cycle for three different light intensities 
(50, 100 and 200 μmol/m2/s) and three different photoperiod cycles (24:0, 18:06 and 12:12 h 
light:dark). 
The main cultivation types for microalgae are photoautotrophic cultivation, 
heterotrophic cultivation and mixotrophic cultivation (Chew et al., 2018). SW with a 
considerable amount of organic carbon can be used for mixotrophic and heterotrophic growth 
of microalgae (Wang et al., 2012; Wang et al., 2015). Compared with heterotrophic 
cultivation condition, mixotrophic cultivation modes result in: firstly, more biomass being 
produced; and secondly, the accumulation of lipids and carbohydrates (Chew et al., 2018; 
Wang et al., 2015). The reason could be that the mixotrophic mode combines the advantages 
of autotrophic cultivation and heterotrophy. Under mixotrophic cultivating conditions, it is 
suggested that heterotrophic and autotrophic metabolisms happen simultaneously, and 
microalgae species can grow with organic carbon in SW and inorganic carbon (CO2) (Chew 
et al., 2018; Zhan et al., 2017). Wang et al.’s (2015) study concluded that the mixotrophic 
cultivation of Chlorella vulgaris JSC-6 in diluted SW resulted in higher biomass 




2.2.3 Impact of toxic contaminants in swine wastewater 
Heavy metals, antibiotics and hormones are usually used in concentrated swine farms 
worldwide to treat/prevent pig diseases and promote growth (Li et al., 2015; Yost et al., 
2014). However, most of these pollutants cannot be completely absorbed by pigs but excreted 
out from their bodies through faeces and urine, resulting in high concentrations of these 
pollutants in SW (Cheng et al., 2018b). The concentrations of these pollutants in SW are 
shown in Fig. 1. 
Low levels of trace metal elements are essential for microalgae growth. For instance, Zn 
can serve as a co-factor for enzymes participating in CO2 fixation, DNA transcription and 
phosphorus acquisition (Miazek et al., 2015). Huang et al. (2009) observed that adding Zn at 
1.3–2.6 mg/L can significantly stimulate continuous growth of Chlorella vulgaris. Cu and Fe 
can also serve as components for photosynthetic electron transport proteins for microalgae 
cells (Miazek et al., 2015). However, high concentrations of heavy metals in SW could 
adversely affect microalgae growth and consequently reduce the biomass and production of 
valuable compounds. As reported elsewhere, the sensitivity of microalgae to metals depends 
on the different concentrations of metals, species of microalgae, and the time of exposure (Li 
et al., 2018). Li et al. (2018) indicated that the growth of microalgae Isochrysis galbana and 
Coelastrella sp. was inhibited when Cu concentration increased. Growth stopped and even 
declined when Cu concentration was higher than 1.0 mg/L, while lower concentrations (0.01–
0.1 mg/l) causing a gradually tailing off in their growth.  
In the same cultivation media, Chlorella vulgaris growth was more influenced by Cu 
than the growth of Desmodesmus sp. (Rugnini et al., 2017). Scenedesmus acuminatus also 
showed greater tolerance to Cu stress than Chlorella sorokiniana. The reason was that 
Scenedesmus acuminatus can mitigate the impact of Cu stress by increasing proline, 




glutathione-s-transferase (GST), ascorbate peroxidase (APX), glutathione reductase (GR) and 
superoxide dismutase (SOD) enzymes (Hamed et al., 2017). Furthermore, under the chronic 
exposure, microalgae cells were more affected by metals. Mota et al.’s (2015) report 
indicated that Cyanothece cells reduce their metabolic rate to invest energy in the activation 
of detoxification mechanisms during chronic exposure to sub-lethal concentrations of Cu, 
leading to cell death with 0.2 mg/L of Cu when exposed for more than one month. The 
adverse effect of high concentrations of heavy metals on microalgae was due to the 
accumulation of reactive oxygen species (ROS). The strong oxidative properties of ROS 
cause severe damage to cellular components, through oxidizing lipids, increasing MDA level, 
and increasing the rate of mutagenesis. These factors ultimately lead to programmed cell 
death (Choudhary et al., 2007; Olivares et al., 2016). Consequently, the heavy metals’ 
inhibition of microalgae grow in SW needs more attention paid to it, considering the high 
concentrations of Cu and Zn in SW (up to 14.2 mg/L and 39 mg/L, respectively).  
Even though microalgae are not the target group of antibiotics, high levels of antibiotics 
in SW can still inhibit microalgae growth. The explanation for this is that microalgae have the 
same origin as prokaryotes, including chloroplasts and mitochondria (Sendra et al., 2018). 
Antibiotics can affect the photosynthesis of microalgae by inhibiting chloroplast ribosomes 
where the similarities between the ribosomal RNA of bacteria and chloroplasts are 
considered. In the same way, mitochondria can also be affected by antibiotics by inhibiting 
mitochondrial protein synthesis, which is implicated in electron transport (Halling-Sørensen, 
2000; Sendra et al., 2018).  
In fact the inhibitory effect of tetracycline antibiotics on microalgae has been 
documented in previous reports (Fu et al., 2017). Pomati et al. (2004) stated that the growth 
of Synechocystis fell by 20–22% at tetracycline (TC) concentration of 10 and 100 μg/L, but 




TC concentration may have induced the production of exoenzymes and consequently 
converted the antibiotic into broken-down molecules that had a subtle influence on 
Synechocystis growth. In contrast, Li et al. (2016) found that TC concentrations of 0–0.25 
mg/L were expected to have a significant effect on the growth and nutrient removal of 
Chlamydomonas reinhardtii. Xiong et al. (2018b) indicated that the generation of microalgae 
biomass might not be affected by TC at low concentration (≤ 150 μg/L), but was inhibited 
significantly when TC rose to 20 mg/L.  
Sulfonamide antibiotics (SAs) have been reported to inhibit algae growth by influencing 
chlorophyll biosynthesis (Ferrari et al., 2004). Sulfamethoxazole (SMX) at the concentration 
of 1.0 mg/L affected the growth of Selenastrum capricornutum through inhibiting the 
physiological processes of primary photochemistry, electron transport, photophosphorylation 
and carbon assimilation (Liu et al., 2011). The growth of Chlorella vulgaris was inhibited by 
sulfamonomethoxine (SMN) at all studied concentrations (2.5, 5, 10, 15, and 20 mg/L), while 
the 72 h median effective concentration (EC50) value was 5.9 mg/L (Huang et al., 2014). 
Under the same cultivation culture, SMX exerted a greater inhibition on the growth of 
Scenedesmus obliquus than sulfamethazine (SMZ). Specifically, a negligible influence on the 
growth of Scenedesmus obliquus was observed for both of them at concentrations ≤0.5 mg/L, 
while the adverse effects increased significantly under high concentrations of SMZ (1–
6 mg/L) and SMX (0.075–0.2 mg/L). The results were, respectively, 34.6–89.0% and 25.7–
83.0% growth inhibition (Xiong et al., 2018a).  
Hormones, including estrone (E1), 17b-estradiol (E2) and 17a-ethinylestradiol (EE2) 
can adversely affect organisms by altering the endocrine system’s normal functioning 
(Sumpter & Johnson, 2005). The presence of EE2 (4–8 μg/L) in wastewater affected the 
microalgae growth and biomass production by inhibiting algae cell division and reducing 




stated the toxic impact of E1, E2 and EE2 on microalgae species, wherein EE2 and E2 were 
more toxic than E1. Yet the authors found that the EC50 of all tested estrogens decreased with 
cultivation time. Hom-Diaz et al. (2015) also found that the total biomass production of 
Selenastrum capricornutum and Chlamydomonas reinhardtii cultivated in the culture with the 
addition of E2 and EE2 was similar with control conditions without hormones.  
The gradual decrease in toxicity of hormones might be caused by adsorption and their 
biodegradation-related removal by algae cells. Zhang et al. (2014) observed that the final 
biomass concentrations were not significantly affected by even relatively high estrogen 
concentrations (100 μg/L). The large removals of E1, E2 and EE2 from wastewater by 
microalgae through adsorption onto the algae biomass and biodegradation are reported in 
other studies (Hom-Diaz et al., 2015; Shi et al., 2010). Hence, more analyses are required to 
investigate the correlation between microalgae and these toxic pollutants. Furthermore, the 
toxicity of antibiotics and hormones to microalgae could be influenced by cultivation 
conditions and other types of toxicants in SW, for instance the combined effects of different 
classes of antibiotics and heavy metals in SW (Liu et al., 2018b). 
2.2.4 Impact of bacteria in swine wastewater 
As summarized in Table 1, SW is usually required for pretreatment by autoclaving to 
avoid the bacteria inhibiting the growth of microalgae.  Filzgerald’s (1969) report 
demonstrated that sterilizing the wastewater through an autoclave enabled the survival and 
growth of microalgae in comparison to little or no growth in raw or untreated samples. Zhang 
et al. (2012) stated that the microalgae biomass productivity, total lipid content and 
production rates fell slightly when bacteria coexisted with algae. Similarly, the growth of 
Chlorella pyrenoidosa in SW subjected to autoclaving was 10.4% higher than that in the 
wastewater subjected to ozonation pretreatment, due to the residual bacteria in ozonated SW 




growth of microalgae. On one hand, bacteria in SW could compete with microalgae for 
organic matter and essential nutrients, and/or might release toxic compounds and thereby 
partially inhibit algal growth rates (Pittman et al., 2011). On the other hand, microalgae 
photosynthesis could be restrained by the coexistence of bacteria, because the light intensity 
transmitted to microalgae could be inhibited by the attached bacteria films to the inner wall of 
the photo-bioreactor (Gan et al., 2014).  
However, the presence of bacteria in wastewater was also possible to promote the 
microalgae growth and production of valuable compounds through certain complex 
mechanisms and nutrient exchange (Fuentes et al., 2016; Toyama et al., 2018). Specifically, 
Toyama et al. (2018) observed the growth of microalgae in wastewater with indigenous 
bacteria was superior than that without bacteria. Compared to the cultivation in axenic 
cultures, biomass production of three microalgae - Chlamydomonas reinhardtii, Chlorella 
vulgaris and Euglena gracilis - increased > 1.5, 1.8–2.8, and > 2.1-fold, respectively. Xue et 
al. (2018) also reported an increase in the microalgae biomass and quality of biodiesel in the 
microalgae-bacterial co-culture system. The reason might be that bacteria could supply 
inorganic nutrients and other metabolic compounds, such as vitamins, hormones, and EPS 
(extracellular polymeric substances), to promote microalgae growth (Jia & Yuan, 2016). 
Fuentes et al. (2016) wrote that promoting factors, like indole-3-acetic acid and Vitamin B12 
produced by bacteria in algal cultures contributed to the faster growth of microalgae. Vitamin 
B12 is required for the proper functioning of an isoform of methionine synthase enzyme of 
microalgae; however, many microalgae are auxotrophic for certain vitamins (Croft et al., 
2005; Luo & Moran, 2014). However, this mechanism is not universal for all species of 
microalgae and bacteria; there are in fact different correlations for different species (Jia & 




associated valuable compounds, more and long-term studies on bacteria effects on the growth 
of microalgae need to be done (Toyama et al., 2018).  
3. SW purification by harvesting microalgae 
High concentrations of organic matter, nutrients and toxic contaminants in SW have 
raised many concerns over their adverse effects on the environment and people’s health 
(Cheng et al., 2018b). Various technologies have been developed for removing these 
pollutants from SW (Cheng et al., 2018b; Wen et al., 2017). Compared with conventional 
activated sludge and /or anaerobic treatment processes of SW, microalgae-based wastewater 
treatment systems have advantages of low energy requirements, little sludge formation, 
reduction of greenhouse emissions and productive use of wastewater. Not only can they 
effectively remove organic matter, nutrients and toxic pollutants, but they can also recover 
nutrients. They do this by harvesting biomass and then converting the biomass into valuable 
bioenergy (Cai et al., 2013). Subsequently, microalgae-based technologies represent a reliable 
and sustainable alternative strategy for SW treatment. 
3.1 Removal of nutrients 
Carbon, nitrogen and phosphate are important sources of nutrients required for the 
growth of microalgae. Inorganic nitrogen, including ammonium (NH4+), nitrate (NO3−) and 
nitrite (NO2−), and organic nitrogen (urea and amino acids) in SW are required by microalgae 
for synthesis of proteins, nucleic acid, enzymes, chlorophylls, and genetic material (Cao et 
al., 2018). Phosphorus is also a key factor in the energy metabolism of algae and is found in 
nucleic acids, lipids, proteins, and the intermediates of carbohydrate metabolism (Cai et al., 
2013). Hence, TN and TP in SW can be reduced by microalgae via uptake (Xu et al., 2015). 
It is also evident that the removal of TN and TP is partly due to abiotic processes, such 
as chemical precipitation and ammonia stripping at high pH (Cai et al., 2013; Luo et al., 




conversion of carbonate to free carbon dioxide through carbon anhydrase activity (Cai et al., 
2013; Wang et al., 2012). COD removal is mainly achieved through biological assimilation of 
microalgae photosynthesis (Ji et al., 2013b; Munoz & Guieysse, 2006; Wang et al., 2012). 
Therefore, microalgae play a key role in removing nutrients from SW in order to prevent the 
eutrophication and pollution of aquatic environments (Cai et al., 2013). Several previous 
studies have confirmed that the cultivation of microalgae in SW is efficient for nutrients 
removal, and the maximum removal efficiency of nutrients and ranges of COD removal by 
different species of microalgae are depicted in Fig. 2 (a, b) (Abou-Shanab et al., 2013; Deng 
et al., 2018; Franchino et al., 2016; Luo et al., 2016; Wang et al., 2015; Wen et al., 2017; Zhu 
et al., 2013b).  
Under different cultivation conditions, different species of microalgae demonstrated a 
wide range of nutrients and COD removal efficiencies, with >90% NH4-N, 12.5–90% TN, 
28–97% TP and 21–80% COD. NH4-N has been reported as the main form of inorganic 
nitrogen in SW (Wen et al., 2017). The efficiency of removing NH4-N by microalgae is 
relatively higher than the TN removal efficiency. One reason for this may be that algae 
preferred ammonium to nitrate and nitrite for assimilation until the ammonium was almost 
completely consumed (Maestrini et al., 1986). For example, Ji et al. (2013b) indicated that 
the amount of NH4-N uptake by Chlorella vulgaris ranged between 6.3 and 42.4 mg/L, which 
was always higher than the uptake of nitrate (0.2–19.2 mg/L) and nitrite (2.3–15.7 mg/L). 
Similarly, the uptake of NH4-N (24–49 mg/L) by Scenedesmus obliquus resulted in an 
amount higher than nitrate (3.6–26 mg/L) (Ji et al., 2013a).  
Essentially, in the assimilation of inorganic nitrogen, all forms of inorganic nitrogen are 
ultimately reduced to ammonium prior to being incorporated into amino acids within the 
intracellular fluid. In this way, ammonium can be used to form amino acids directly without a 




relatively low uptake efficiency by microalgae compared to inorganic nutrients. The 
dissolved COD concentration even increases during the incubation in one previous report 
(Marjakangas et al., 2015). The reason is that during the cultivation stage, microalgae can 
release significant amounts of carbon to the surroundings, which may potentially increase the 
COD level of wastewater (Vandamme et al., 2012).  
The removal efficiency of nutrients from SW showed a high correlation with microalgae 
growth. A higher growth rate of the microalgae led to higher removal efficiencies of NH4-N 
and TP (Ji et al., 2013b). Ji et al.’s (2013b) study indicated that NH4-N and TP were 
converted to algal biomass through metabolic pathways to a much greater extent than when 
removed as inorganic precipitates. Thus, factors influencing the growth of microalgae, such 
as initial nutrient concentrations, operating conditions and hazardous contaminants in SW, 
can also affect the removal of nutrients by cultivating microalgae. For instance, a suitable 
dilution rate of SW is necessary for the effective removal of NH4-N and TP. For the culture 
media with high initial nutrients, the amount of NH4-N, TN and TP taken up by the 
microalgae rose when dilution of wastewater was greater (Franchino et al., 2016; Ji et al., 
2013b). Wen et al. (2017) stated that the highest removal ratios of COD (58.39%), TN and 
TP (>90%) were achieved in 40% diluted SW, which proved to be higher than that in 20%, 
60%, 80% diluted and undiluted wastewater.  
Additionally, the microalgae cultivation condition affected the nutrients removal 
efficiency significantly. Cao et al. (2018) concluded that the concentrations of NH4-N and TN 
declined from 338.02 and 598.04 mg/L to 152.41, 135.55, 116.63 and 371.91, 312.31, 
280.12 mg/L at pH 4.0, 5.0, and 6.0, respectively. Increasing pH in cultures could promote 
phosphorus precipitation and elevate phosphate adsorption on microalgae cells (Luo et al., 
2016). High concentrations of Ca2+ or Mg2+ in SW are more conducive to phosphate chemical 




most preferred scenario for microalgae biomass production. The largest amounts of NH4-N 
and TP removal were also obtained under mixotrophic cultivation (Wang et al., 2015).  
Removal ratios of NH4-N and TP were adversely affected by increasing heavy metals’ 
concentrations in the culture media. Li et al. (2018) demonstrated that the efficiency in 
removing NH4-N declined from 80% to 61.6%, 58.8%, 45.1%, 50.7% and 38.6%, 
respectively, when the concentration of Cu rose to 0.10, 0.50, 1.0, 2.0 and 3.0 mg/L. The 
removals of TP were 79.0%, 70.5%, 84.9%, 18.2%, 28.2% and 12.6% with the 
concentrations of Cu at 0.0, 0.10, 0.50, 1.0, 2.0 and 3.0 mg/L, respectively. Bacteria in 
unsterilized culture systems also may contribute to the removal of nutrients from SW (Zhu et 
al., 2013b). Microalgae in the culture can provide O2 and certain extracellular compounds for 
aerobic bacteria to biodegrade organic pollutants (Liu et al., 2012; Munoz & Guieysse, 2006). 
However, as noted in section 2.2.4, the interactions between bacteria and algae are 
complicated, so further studies are required. 
3.2 Removal of toxic contaminants 
Heavy metals, antibiotics and hormones in SW are major environmental problems on 
account of their toxicity and persistence, which means they pose dangers to the ecosystem 
and human health (Yi et al., 2011). Microalgae have been frequently considered as promising 
sources for removing these hazardous contaminants due to their ability to grow when high 
levels of such toxicants and capacities are present; these can be removed effectively (Markou 
et al., 2018; Norvill et al., 2016). Based on previous reports, the maximum removal 
efficiencies of these toxicants by different species of microalgae are summarized in Fig. 2 (c, 
d) (Bai & Acharya, 2016; de Godos et al., 2012; Hom-Diaz et al., 2015; Norvill et al., 2017; 
Santaeufemia et al., 2016; Sekomo et al., 2012; Shi et al., 2010; Yang et al., 2017; Zhang et 
al., 2014). The wide range for heavy metals removal (29–98%) and antibiotics and hormones 




parameters. These include, for example, microalgae species, cultivation conditions, species 
and concentrations of toxicants, pH, and co-existing ions in wastewater (Markou et al., 2018; 
Yang et al., 2017).  
The removal of trace metals by microalgae occurs through a combined process of 
adsorption and bioaccumulation (Sekomo et al., 2012; Yang et al., 2017). The metal ions are 
passively adsorbed on the cell surface in the first few seconds or minutes, and subsequently 
transported slowly inside the cell membrane and are accumulated intracellularly (Markou et 
al., 2018). A rapid adsorption and bioaccumulation of heavy metals by microalgae has been 
observed in Cheng et al.’s (2017) research. They showed that the metal concentrations (Zn2+, 
Cu2+, and Fe2+) decreased sharply after only 2 days of Chlorella cultivation, with the high 
removal percentages of Zn2+ (65.71%), Cu2+ (53.64%), and Fe2+ (58.89%). Rugnini et al. 
(2017) concluded that green microalgae Chlorella vulgaris and Desmodesmus sp were 
efficient and economical biosorbents for bioremediation of metal-polluted waters. Up to 43% 
and 39% for Cu were removed by Desmodesmus sp. and C. vulgaris, respectively. As well, 
Cu removal by Chlorella vulgaris increased from 43% to 90% when Ni was also present in 
the culture, which may have resulted from the increased synthesis of phytochelatins in the 
mixed solutions compared to the single metal solutions. Thus the bioaccumulation removal 
efficiency of Cu was improved. Metal ions required to bind to chelating proteins are 
described as phytochelatins and then enter the cell by endocytosis (Kumar et al., 2015). 
As shown in Fig. 2, removal of heavy metals by algae varied among different 
microalgae species. The mainly reason is that the first barrier for biosorption of heavy metals 
is algae cell walls, the abundance and composition of the electrostatic parameters of the cell 
walls, mainly polysaccharides and proteins, which governed the microalgae sorption 
capacities (Rossi & De Philippis, 2016). Therefore, different species of microalgae and 




and uptake of heavy metals (Markou et al., 2018). Concentrations of heavy metals in 
wastewater also affected their uptake by microalgae. Sekomo et al. (2012) indicated that poor 
efficiency in removing Cu was obtained under high initial concentrations; specifically, only 
29% of Cu was removed in the duckweed and the algal ponds with the initial concentration of 
1.5 mg/L. Such a low removal efficiency was due to the toxic effects of Cu on the growth of 
microalgae, as discussed in section 2.2.3.  The level of pH in the culture can be increased due 
to the release of OH- ions via uptake of CO2 from bicarbonate during the photosynthesis 
process of microalgae in culture media (Massé et al., 2014). On one hand, increased pH in the 
culture media can favor the binding of metal cations on the surface of algae cells; on the other 
hand, complexation and co-precipitation might occur between metal ions and the co-existing 
compounds in SW, which decreases the availability of heavy metals for uptake by microalgae 
(Markou et al., 2018). Therefore, the impact of high pH on heavy metals’ uptake by 
microalgae requires further analysis. 
Mechanisms of sorption, biodegradation, and photodegradation have been reported as 
high potential removal mechanisms of antibiotics and hormones from wastewater by 
microalgae (Norvill et al., 2016). Of these mechanisms, sorption onto biomass contributed 
less to the overall removal of antibiotics and hormones by microalgae (de Godos et al., 2012; 
Norvill et al., 2017). As indicated by Norvill et al. (2017), sorption accounted for less than 
6% of the total removal of tetracycline in algae ponds, despite the sorption dominated 
removal of tetracycline in the absence of light. Zhang et al. (2014) observed that estrogens 
including 17β-estradiol, estrone, and estriol, can be removed in large quantities (nearly 95%) 
from wastewater by Scenedesmus dimorphus, while sorption makes only a minor contribution 
to overall apparent removal (4–9%). According to Shi et al.’s (2010) report, although E1, E2, 
and EE2 can be quickly adsorbed on algae or duckweed, the adsorbed estrogens are 




system. According to Norvill et al. (2016), the sorption removal of estrogens onto algae 
biomass was only visible under high initial concentrations (e.g., 5 mg/L), while the amount 
removed was less than 10% under low pollutant concentration. The value of pH and the 
amount/composition of EPS in algal ponds may affect the algaes’ ability to absorb antibiotics 
and hormones.  
Pollutants can be biodegraded by algae via heterotrophic metabolism (Norvill et al., 
2016). Santaeufemia et al. (2016) discovered that high removal efficiency (97%) of 
oxytetracycline (OTC) was achieved by the microalga Phaeodactylum tricornutum with an 
initial OTC concentration of 2.5 mg/L, and the removal was due more to bioremediation than 
photodegradation. Shi et al. (2010) demonstrated that E1, E2, and EE2 can be effectively 
removed from the continuous-flow algae pond even when their concentrations are at ng/L 
level, and the removal by biodegradation accounted for 52–56% in 6-day batch tests using 
synthetic wastewater. Large removal of E2 and EE2 (60–95%) by cultivating Selenastrum 
capricornutum and Chlamydomonas reinhardtii in wastewater has also been observed by 
Hom-Diaz et al. (2015), although only 20–54% of this removal was attributed to 
biodegradation. The long hydraulic retention time (HRT) operation of algal ponds may 
enable biodegradation to occur by allowing enough time for deconjugation. 
Although photodegradation is negligible for the removal of antibiotics and hormones 
during conventional wastewater treatment processes, it may well be the dominant removal 
mechanism during the mixotrophic cultures of microalgae. Their operation relies upon solar 
energy for photosynthesis (Hom-Diaz et al., 2015). Norvill et al. (2016) and Norvill et al. 
(2017) both stated that photodegradation was the dominant TC removal mechanism when 
sunlight exposure in high rate algal ponds. The minimal removal of SMX was also caused by 
algae-mediated photolysis because algal uptake did not contribute to the removal of the 




appreciable contribution to the overall removal compared to indirect photodegradation, 
because of the strong attenuation of light in wastewater (Zhang et al., 2014). 
 During indirect photolysis, another dissolved organic matter in wastewater can absorb 
light energy and generate reactive oxygen species, which may subsequently degrade the 
target pollutants (Norvill et al., 2016). Norvill et al. (2017) found that the rate of TC 
photodegradation in the wastewater with active biomass was 7 times greater than the control 
due to the occurrence of indirect photodegradation. Reactive oxygen species were thought to 
be the main reason for the photodegradation of EE2 and E2 by microalgae Chlorella vulgaris, 
Anabaena cylindrica and Microcytis aeruginosa kutz (Ge et al., 2009). High light irradiance 
can increase the strength of photosynthesis, causing the increase of pH and DO. Higher light 
intensity, pH and DO have been reported to increase the photodegradation removal of 
antibiotics (Norvill et al., 2017). However, the leaching of these toxicants from algae ponds 
may lead to contamination of ground water, which become a high risk to human health. 
4. Bioenergy production potential by harvesting microalgae from swine wastewater 
A number of studies have confirmed that microalgae can be used as feedstock for 
biofuel production, including biodiesel, biomethane and biohydrogen (Kadir et al., 2018; 
Wieczorek et al., 2014). The creation of biofuel from microalgae has garnered much attention 
due to the rising energy demand worldwide, and the need to greatly reduce greenhouse gas 
emissions into the atmosphere (Udaiyappan et al., 2017). Microalgae harvested from SW 
exhibit favorable properties for biofuel production due to its tolerance and high growth rate in 
SW, as well as high lipid and carbohydrate content.  
4.1 Biodiesel production potential 
Biodiesel is a mixture of long chain fatty acid methyl esters (FAME) and is obtained by 
the transesterification of lipids (Zhu et al., 2013b). The economic feasibility of microalgae in 




and biomass pretreatment before biodiesel conversion, have all been comprehensively 
discussed (Chen et al., 2018; Fazal et al., 2017; Kadir et al., 2018; Mathimani & Mallick, 
2018; Sivaramakrishnan & Incharoensakdi, 2017; Tan et al., 2017). The previous review 
indicated that fast growth, high lipid productivity and suitable fatty acid composition of 
microalgae are essential in biodiesel production. Ranges of lipid content and lipid 
productivities in different microalgae species from SW are given in Fig. 3 (a, b). The values 
ranged from 21–46% and 130–1100 mg/L/d, respectively, which is comparable with the 
common lipid content comprising 4–22% (Abou-Shanab et al., 2013; Amini et al., 2016; 
Deng et al., 2018; Perazzoli et al., 2016; Wang & Yin, 2018; Wang et al., 2015; Zhu et al., 
2013b). The lipid content of microalgae which was cultivated in SW increased 1.5- to 2-fold 
compared with that cultivated in culture medium alone (Kuo et al., 2015). Thus, SW can be 
used for lipid production. Among these studied microalgae species, Chlorella with high lipid 
content and productivity seems to be a good option for growing in SW and biodiesel 
production.  
The lipid content of microalgae declined as nutrient concentrations rose in the culture 
media. For example, in the culture with the initial COD concentration at 400 and 800 mg/L, 
the highest lipid content of Chlorella zofingiensis was 45.81% and 42.16% of the dry 
weight, which decreased to 33.91% with the increase of initial COD concentration to 3500 
mg/L (Zhu et al., 2013b). Wang et al. (2012) concluded that the lipid content in diluted 
piggery wastewater samples with TN content of 73.5 and 98.0 mg/L (corresponding to 750 
and 1000 mg/L COD samples, respectively) was significantly less than the 250 mg/L COD 
sample. Feng et al. (2011b) indicated that limited amounts of N and P in wastewater could 
enhance the accumulation of lipid content from microalgae cultivation. Zhu et al. (2013a) 
showed that nutrient-limited cultures witnessed much higher lipid content (41.21–46.21% of 




content might be caused by greater light intensity received by algal cells in more diluted SW, 
which activated and promoted cellular lipid storage. Rodolfi et al. (2009) and Feng et al. 
(2011a) both proved that the lipid accumulation (mainly triacylglycerols) can be raised by 
increasing light intensity.  
A positive relationship between lipid productivity and biomass growth was observed 
(Luo et al., 2016; Zhu et al., 2013b). Thus, suitable amounts of nutrients in wastewater 
culture are significant for lipid productivity. Wang et al. (2012) suggested that the lipid 
productivity in SW in continuous culture mode was higher than that in batch culture mode 
due to the continuous supplementation of nutrients in the continuous mode. As stated by Zhu 
et al. (2013b), the lipid content of Chlorella zofingiensis in 800 and 400 mg/L COD culture 
was high, yet the biomass productivity was limited. This resulted in the lowest lipid 
productivities in the culture with 400 mg/L COD due to the limited biomass productivity. 
Luo et al. (2016) demonstrated that the highest Coelastrella sp. lipid productivity was 
obtained in 40% diluted SW, reaching 13.42 ± 0.04 mg/L/day although the lipid contents 
produced in all cultures were roughly at the same level. 
The fatty acid profile has been used as a potential indicator of biodiesel quality. Fatty 
acids with 16–18 carbon atoms are considered to be the ideal ingredients for biodiesel 
production because of their properties such as density, viscosity, flash point and heating 
value, which can enhance the quality of biodiesel (Luo et al., 2016; Tang et al., 2011). As 
shown in Fig. 3 (c), the C16 and C18 series content (70–97.28% of the total fatty acids) is the 
dominant composition of fatty acids extracted from microalgae cultivated in SW, which 
could improve the quality of biodiesel (Huang et al., 2010). Specifically, Ji et al. (2013b) and 
Deng et al. (2018) indicated that palmitic acid (C16:0), linoleic acid (C18:2) and linolenic 




from SW, which were in the 23.8–37%, 22.0–22.5% and 23–43% ranges of total fatty acids, 
respectively.  
The fatty acid compositions of microalgae Coelastrella sp. were also found to mainly 
consist of C16:0, C18:2 and C18:3, with 23.8–30.8%, 11.9–20.8% and 40.5–53.8% of total 
fatty acid, respectively (Luo et al., 2016). Oleic acid (C18:1n-9), which is an ideal component 
of biodiesel, accounted for 27%, 19%, and 15% of the total fatty acids in the cultures of 
Chlamydomonas mexicana, Chlorella vulgaris, and Scenedesmus obliquus, respectively 
(Abou-Shanab et al., 2013). Thus, microalgae species harvested from SW could have 
commercial applications as they completely satisfied the specifications of biodiesel, and the 
two most common quality standards of biodiesel, ASTM D6751 and EN 14214 (Deng et al., 
2018).  
Similarly, the fatty acid composition of these microalgae species was affected by 
nutrition levels, environmental factors, and cultivation conditions (Ji et al., 2013b; Kuo et al., 
2015). For example, the content of unsaturated fatty acids extracted from Chlorella vulgaris 
rose from 63% to 76% of the total fatty acids because of an increase of wastewater 
concentration in the culture media (Ji et al., 2013b). The unsaturated FAME for C16:1, 
C18:2 and C18:3 in cultures with 3500, 2500, 1900, and 800 mg/LCOD was predominant in 
the FAME profile, accounting for 57.30%, 52.92%, 47.12% and 52.36%.  Meanwhile the 
counterpart in the 1300 and 400 mg/L COD cultures shared 41.70% and 22.62% of the total 
FAME (Zhu et al., 2013b).  
4.2 Biomethane and biohydrogen production potential 
The harvested microalgae biomass from SW can also be used as a substrate to generate 
biomethane and biohydrogen through anaerobic digestion and dark fermentation (Wieczorek 
et al., 2014). Carbohydrates contained in microalgae (mainly in the form of glucose and some 




biofuel production (Ho et al., 2012). Compared to the general carbohydrate contents in 
microalgae (10–20%), large quantities of carbohydrates in the microalgae from SW 
confirmed their potential for gaseous biofuel production (from 27.6% to 58.3%, shown in 
Fig. 3 (d)).  Microalgae Chlorella and Scenedesmus may be the favored species for SW 
treatment and biofuel production due to their fast growth in SW culture and high 
carbohydrate content (Chen et al., 2013; Wang & Yin, 2018). Ferreira et al. (2018) compared 
the growth and biohydrogen generation potential of Scenedesmus obliquus cultivated in 
various types of wastewater, and concluded that biomass harvested from SW generated the 
highest biohydrogen yield (390 mL H2/g volatile solids) through batch dark fermentation 
processes with Enterobacter aerogenes. The reason for this could be the high sugar content 
present in the biomass from SW (36.2%).  
Furthermore, the lipid-extracted microalgae biomass residues from biodiesel production 
processes mainly consist of carbohydrates and proteins, which are possible substrates for 
producing anaerobic fermentation (Mata et al., 2010). Conversely, the produced biogas can 
supply CO2 to encourage microalgae growth and lipid accumulation. Wang et al. (2012) 
observed the increase of microalgae biomass concentration, productivity and specific growth 
rate when the CO2 concentration was increased. The reason is that microalgae induced 
carboxylation and repressed the oxygenase activity of Rubisco under increased CO2 
concentrations, leading to superior microalgae photosynthesis. In their research, Ferreira et al. 
(2018) found that the presence of CO2 could generate higher lipid contents in microalgae 
from swine and poultry wastewater. Moreover, the produced biogas had to be further purified 
by removing CO2 (25–60% in biogas). Srinuanpan et al. (2018) concluded that >96% of CO2 
was continuously removed from biogas and the CH4 content in the purified biogas was >98% 




biogas generation can improve the economic and environmental feasibility of biofuel 
production operations (González-González et al., 2018). 
5. Future perspectives  
Though SW is considered to be a valuable source for microalgae-based biomass 
production, high concentrations of nutrients and toxic pollutants could inhibit the microalgae 
growth. Based on the above discussion, it is obvious that the dilution of SW with water or 
synthetic media is usually necessary for efficient microalgae biomass production, although an 
increase in costs is currently unavoidable. Therefore, developing an efficient process 
allowing algae to grow well in undiluted SW is necessary in the future, considering its 
feasible and economical application to full-scale wastewater treatment and bioenergy 
production. To avoid the toxic effects of bacteria on microalgae growth, SW is usually 
sterilized through autoclaving, which also increases the operational costs and limits the large-
scale application of microalgae-based systems. As discussed earlier in section 2.2.4, the 
impact of bacteria on microalgae growth still requires further and long-term investigation. 
Research is required to establish the minimal inhibitory concentration of toxic contaminants 
in SW on microalgae growth and nutrient removal, as well as what their combined effects 
are. Microalgae are effective in removing toxic contaminants from wastewater, but little 
research has been done on their removal from SW. Moreover, the dominant and preferred 
mechanism for removing contaminants by microalgae must be further clarified so that the 
efficiency in removing contaminants is enhanced.  
Meanwhile, problems from the cultivation of microalgae in swine wastewater also 
require further assessment. For example, the volatile organic carbon (VOC) emissions from 
algae ponds lead to the production of tropospheric ozone (O3) and thus they have adverse 




obstacles limiting the wide application of SW purification and recovering bioenergy via 
microalgae cultivation in SW, so further research is still required in this field.  
6. Conclusions 
The key conclusions from this review are:  (1) cultivating microalgae in SW is an 
alternative method for SW treatment and bioenergy production; (2) microalgae can alive and 
grow well in swine wastewater for biomass production; (3) nutrients and toxic contaminants 
in SW can be removed effectively from wastewater through harvesting microalgae; and (4) 
the lipid and carbohydrate contents in microalgae harvested from SW are comparable with 
the common values, indicating their potential for bioenergy production.  
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Fig. 1 Concentrations of pollutants in SW: (a) COD and nutrients concentrations; (b) Metal 
concentrations; (c) Average antibiotic concentrations; (d) Average hormone concentrations. 
Fig. 2 Removal efficiencies of pollutants from wastewater by cultivating different species of 
microalgae: (a) Maximum nutrient removal efficiencies; (b) COD removal efficiencies; (c) 
Maximum heavy metal removal efficiencies; (d) Maximum antibiotic and hormone removal 
efficiencies. 
Fig. 3 Chemical composition of different microalgae species harvested from SW: (a) lipid 
contents; (b) lipid productivities; (c) Total fatty acid composition; (d) Carbohydrate contents. 
 
Table Captions  
Table 1 Microalgae growth and biomass production from swine wastewater (SW) under 
















Fig. 1 Concentrations of pollutants in SW: (a) COD and nutrients concentrations; (b) Metal 






Fig. 2 Removal efficiencies of pollutants from wastewater by cultivating different species of 
microalgae: (a) Maximum nutrient removal efficiencies; (b) COD removal efficiencies; (c) 






Fig. 3 Chemical composition of different microalgae species harvested from SW: (a) lipid 















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































   
 
